The structure of DNA molecules tethered to surfaces may significantly affect the efficiency of hybridization on the DNA microarray. Understanding the structure of single-stranded DNA (ssDNA) tethered to surfaces is critical for applying the molecular recognition function of DNA microarrays. Although a number of experimental methods have been applied to determine the structure of the DNA probe on surfaces, they can not provide enough information on the dynamical behavior of the ssDNAs on surfaces. Herein, we investigated the dynamics and interaction of seven DNA probes tethered on a silica surface by a molecular dynamics simulation. From the simulation results, we examined the structure and dynamics of the ssDNAs, by calculating the root-mean-square derivations, the tilt angles, the radius of gyration, and the distances of the neighboring ssDNAs. The data obtained from our simulation suggests the packing density has a significant effect on the overall structure and molecular orientation change of surface-tethered ssDNAs, which is complementary to the recent experimental reports. Our simulation provided a structural insight, which is helpful to better understand the behavior of ssDNA on surfaces and optimize the design of DNA microarray.
INTRODUCTION
A typical DNA microarray consists of ssDNA sequences, called probes, tethered to a surface, with the identity and location of each surface-tethered DNA probe known. While DNA microarray based technologies hold great promise for rapid and accurate sequence determination and diagnosis of genetic diseases, little is known about the structure and dynamics of end-tethered DNA probes on surfaces, which is critical information for optimizing the design of DNA microarray. During the past two decades, advances have been made to determine the structure of surface-tethered DNA probes using optical or contact methods. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] However, most experimental techniques characterize the ssDNA probe layer as a single parameter (e.g., thickness or density) without providing information on the dynamical behavior of the ssDNA probes on surfaces.
Molecular dynamics (MD) simulations are well-suited to study DNA-DNA interaction and its conformation change on surfaces and provide atom-level information, * Author to whom correspondence should be addressed.
which is complementary to experimental observations. [15] [16] [17] [18] From a theoretical point of view, both all-atomistic (high resolution) and coarse-grained (low resolution) models have been used to describe the dynamical behavior of DNA strands tethered to a surface and their hybridization process. [19] [20] [21] [22] [23] [24] [25] [26] [27] Wong and Pettitt performed all-atom MD simulations to characterize the conformation change of a 12-mer double-stranded DNA (dsDNA) tethered to a neutral, epoxide coated silica surface in their pioneer work. [19] [20] They found the dsDNA on the surface has both upright and tilted conformations. Their recent simulations provided insight into possible pathways for DNA melting on a DNA microarray. 21 The validity of all-atom molecular dynamics to simulate the hybridization process of the end-tethered DNA single strand, the intermediate structures appeared during the formation of the double helix, their internal dynamics and their behavior with respect to the substrate was demonstrated by Monti et al., 22 who also studied the conformation behavior of the fully hydrated single strand tethered to an allylamine functionalized Si(111) surface in aqueous solution using MD simulations. 23 It is interesting to note that, although these previous simulations reported many aspects of the dynamical behavior of DNA molecules tethered to a surface, information about the interactions between neighboring DNA molecules has not been revealed completely because only one DNA molecule (single strand or double strand) was considered in the simulation box per unit cell in these studies, so that the interaction between the surface-tethered neighboring DNA molecules is mainly based on interactions between DNA and its periodic images. Recently, Lee and Schatz studied the interaction between neighboring DNA duplexes having the same base pair composition on a flat gold surface using MD simulations. 25 They considered seven DNA duplexes in one simulation box, with a DNA duplex centered in the middle surrounded by six other DNA duplexes.
In the present study, we further examined the structure and dynamics of the end-tethered ssDNA probes on a silica surface by a molecular dynamics simulation, following the work of Lee et al. 25 Our simulation results show that the structural and molecular orientation of the surface-tethered ssDNA probes can be obviously affected by the probe packing density. Moreover, this study provides a deep insight, which might help to improve molecular recognition interface based on ssDNA probes under a variety of situations.
COMPUTATIONAL METHODS

Model Construction
The simulation setup modeled the experimental conditions which are widely used in the preparations of DNA microarrays. The silica surface is coated with the aldehyde-terminated linker layer, which in turn is connected to the 5 -amine group of the DNA probe. The rest unreacted aldehyde-terminated linkers are capped by hydroxyl (-OH) group. Therefore, the final model system for the molecular recognition interface of a DNA microarray was constructed with a silica surface, coated with a hydroxyl-terminated linker layer, and the 15-mer ssDNA probes tethered to the silica surface, as illustrated in Figure 1 .
Seven ssDNA (5 -GTGAGGCGCTGCCCC-3 ) were tethered to the silica surface via a 6 carbon spacer arm coupling with a reactive aldehyde-terminated linker, with one probe located in the middle of the silica substrate, which was surrounded by other six ssDNA probes. The sequence of DNA is adopted from the recent work of Soon et al. 28 The initial structure of each ssDNA probe was constructed by using the NAB module of the AMBER8 package. 29 A short starting distance between ssDNA probes was taken to be 29 Å to simulate a high packing density of the ssDNA probes tethered to the silica substrate. The packing model of the ssDNA probe cluster on the silica surface is showed in Figure 2 , where the middle ssDNA is represented by DNA0, and the surrounding ssDNAs are represented by DNA1-DNA6, respectively.
The hydroxyl-capped linker, Si(OH) 3 (CH 2 ) 11 OH, was developed by the Materials Studios software, which pointed toward the positive z direction. The hydroxylated crystal -quartz slab was used as a model for a silica substrate obtained from a custom CHARMM (Chemistry at Harvard Molecular Mechanics) script. The script instructed the molecular mechanics program CHARMM 30 to build the structure using the input set of lattice parameters and a 40-atom structure file of the unit cell of -quartz (011). The periodic image was built from those initial conditions by replicating the unit cell multiple times. Finally, the slab was minimized for 2000 steps using CHARMM before producing the structure and coordinate files for use in our simulations. The quartz support was truncated, by removing individual unit cells, to match the surface area of the DNA microarray. The dimension of the quartz slab used for the model system is 115 Å × 115 Å × 15 Å. The starting coordinates of the silica substrate were obtained by a combination of quantum mechanical and force field based on Monte Carlo calculations, which determined the final structure as described by Lopes et al. 
Simulation Protocol
The simulation was performed using the CHARMM software package with CHARMM27 force field. 16 17 The model system was solvated with a pre-equilibrated water box. This box was filled with 41852 water molecules based on the TIP3P potential. The periodic boundary condition was used corresponding to a cubic box of dimensions of 115 Å × 115 Å × 117 Å. To neutralize the total charge of the system, 105 Na + ions were added. Besides these sodium ions, additional 18 Na + and Cl − ions were added to make the concentration of sodium ion be 0.5 M.
The resulting system was subjected to a series of minimizations using the CHARMM program. 30 The system was subjected to an equilibration protocol first involving solvent minimization using 1000 steps of the steepest descent and 3000 steps of Adopted Basis Newton Raphson (ABNR) algorithms, 15 while holding the solute atoms restrained to their initial positions by means of a harmonic force constant of 25 kcal/mol/Å 2 . Subsequently, the model system was gradually heated from 98 to 298 K in a 120 ps phase.
The production MD simulation was performed in the microcanonical (NVT, T = 298 K) ensemble under periodic boundary conditions with the minimum image convention. All silicon atoms were fixed to maintain the lattice structure of the quartz slab and all covalent bonds involving hydrogen atoms were constrained using the SHAKE 32 algorithm during simulations, allowing a time step of 2 fs and the leapfrog Verlet 33 algorithm was used to integrate the equations of motion. Furthermore, a dielectric constant of 1 was used, and atom-based non-bonded interactions were truncated beyond 12 Å using a force shift approach, 15 34 which has been proven to accurately represent the long-range electrostatic effects in nucleic acids. 35 36 The non-bonded lists were maintained for pairs within a distance of 14 Å and updated heuristically whenever an atom had moved more than 1 Å since last update. Our simulation was conducted for 16 ns. The trajectory structures were saved per 2 ps for analysis. All analyses were performed using tools within the CHARMM packages and code developed in house.
RESULTS AND DISCUSSION
Structural Features
The conformational changes of each ssDNA probe during MD simulations were measured by the root-mean-square derivations (RMSD) with respect to its starting structure. The RMSD value is calculated by translating and rotating the coordinates of the instantaneous structure to superimpose the reference structure with a maximum overlap. The RMSD is defined as
where
is the coordinates of atom i at a certain instance during MD simulations and at its reference state, respectively. N is the number of atoms in the ssDNA probe except hydrogen atoms. The fluctuation in the RMSD of each ssDNA probe with time is shown in Figure 3 . It is clearly seen that the RMSD has reached a steady value over a substantial period of the later part of the simulation, indicating that a relative stable structure has been obtained. However, the steady average RMSD values for the different ssDNA probe are different from each other, indicating that the final structures are different, although the initial model structures were the same for all the surface-tethered probes.
The average RMSD of the seven ssDNA probes with respect to their initial structures is about 8.2 Å. The average RMSD value of the ssDNA probe is obviously larger and more fluctuating with time during simulations compared to that of the dsDNAs. The simulation result is consistent with the fact that the motions of the ssDNA are more freedom than the double helix in the absence of the hydrogen-bond binding from the complementary DNA strand.
It is also demonstrated that the middle ssDNA probe reach its stable state through longer time, compared to the surrounding ssDNA probes. For the simulation of the middle ssDNA probe, a stable situation is found after 6 ns with an average value 8.6 Å ± 1 8 Å, while in the surrounding probe case, that situation reached only in the early nanoseconds (≤6 ns) of simulation. Due to its high packing density situation, the middle ssDNA is subjected to more electrostatic repulsion from its surrounding probes and thus its conformation change is confined accordingly.
The simulation snapshots of the model system at times t = 0, 4, 8, 10, 12, 16 ns is shown in Figure 4 . The linker that connects ssDNA and silica surface is found to be tiled toward the silica surface during the simulation, which is consistent with the previous simulation of dsDNA tethered to a gold surface performed by Lee et al. 25 It is further noticeable that the middle ssDNA probe is perpendicular to the surface of the silica surface, whereas the other six ssDNA probes is gradually tiled toward the silica surface during the MD simulation.
Conformation of the Linker of the ssDNA
To quantitatively characterize the conformation change of the linker part of each ssDNA probe, we calculated the azimuthal distance during the simulation. In the present study, the azimuthal distance of the ssDNA probe is defined as the distance of the phosphorus atom of the first base at the 5'end of each probe relative to the silica surface. As shown in Figure 5 , it is clear that the azimuthal distance of each probe shows significantly decreasing trend with time. The average azimuthal distance of the ssDNA probes decreased from 24 Å to 12 Å after 16 ns, indicating the linker part of each ssDNA probe is obviously tiled Molecular Dynamics Simulations of End-Tethered Single-Stranded DNA Probes on a Silica Surface Wang et al. toward the silica surface. This result is also consistent with the demonstration in Figure 4 .
Features of the Bending States
The radius of gyration (RGYR) of a chain molecule is a useful measure to characterize the shape of a molecule of a given size and thus can be used to compare the bending nature of the ssDNA probes in this study. It is defined by
where R C is geometric center of each ssDNA backbone. Figure 6 shows the time evolution of the radius of gyrations of each ssDNA probes. From the figure, we found that the RGYR of the middle probe retained smaller fluctuations around its steady value, while the RGYR of the surrounding probe shows gradually decreasing trend with time, indicating the bending motion of the surrounding probe is much larger than the middle probe. This difference is in agreement with the fact that the bending motion of the middle probe could be restricted to some extent by the intermolecular electrostatic repulsion from the six surrounding ssDNA probes. Therefore, our result suggests that the overall structure of the middle probe maintain an more extended conformation which is possibly related to the higher persistence length, while the surrounding probes are more flexible, allowing them to adopt a more coiled configuration. 
Features of the ssDNA Orientation
Monitoring the orientation of the surface-tethered DNA molecules is crucial to improving DNA microarray performance. In the present study, the tilt angle between the ssDNA probe and the positive z direction that is perpendicular to the silica surface is monitored during the simulation (Fig. 7) . It can be seen that tile angle of the middle probe are obviously smaller than that of the surrounding probes. For the 16 ns simulation, on the average, the middle DNA is tiled by 18.0 ± 8 2 , whereas the surrounding ssDNA probes at a low packing density are tilted by 32.5 ± 13 1 . This result is consistent with Figure 4 , indicating the packing density of the ssDNA probe could also significantly influences the tilt angle toward the substrate surface. Our simulation result is complementary to the experimental findings of Barhoumi et al., 37 where the dsDNAs tethered to an Au surface were shown to have a smaller tilt angle at the high packing density of the dsDNAs.
The tendency to interact with the neighboring strands can be possibly attributed to the higher stiffness and rigidity of the middle ssDNA probe, which cause it have a larger persistence length than the surrounding probes.
Interaction Distances
The distance between the center of mass of ssDNAs was shown in Figure 8 their earlier simulations for the dsDNA tethered to an Au surface. They found the distances of the neighboring dsDNAs were increasing gradually after 10 ns. According to Lee et al., 25 the reason is that an effective osmotic pressure induced by the different charge density between the regions inside and outside the DNA cluster could result in more and more water molecules flow into the inner region, which drives the larger distasnce as well as the splaying of the DNAs.
CONCLUSIONS
The molecular dynamics simulation was employed to investigate the dynamical behavior of the end-tethered ssDNA probes on a silica surface in aqueous solution at the atomic level. In our simulation, the overall structure of the surface-tethered ssDNA probes showed more flexible than the double helix due to lacking hydrogen-bond binding on the double helix. We also found that the linker part of each ssDNA, which connect the ssDNA to the surface, showed obviously tilt conformation toward the silica surface. We found the bending motion of the middle ssDNA can be restricted by the surrounding ssDNAs and thus the middle ssDNA shows more extended conformation than the surrounding ssDNAs, which is exemplified by the larger value in the radius of gyration. This result suggests that the packing density has a clear effect on the persistence length of the ssDNA probes. The middle ssDNA surrounded by other ssDNAs is observed to be tilted to the silica surface normal by 18.0 ± 8 2 , whereas the tilt angle of the surrounding ssDNAs is 32.5 ± 13 1 , which further confirms that the surrounding ssDNA probe located with low packing density is more flexible than the middle ssDNA probe with high packing density. The distance between the middle ssDNA and one of the surrounding ssDNAs showed an increasing trend with the simulation time. This can be attributed to the lots of water molecules flow into the inner region of the DNA cluster due to the osmotic pressure induced by the different charge density inside and outside the DNA cluster.
In conclusion, this study presents a physical picture for examining ssDNA probe tethered to the silica surface by the molecular dynamics simulation. The results obtained from this study highlight the influence of the packing density on the structure and dynamics of the ssDNA probe and provide a structural insight, which help us better understand the behavior of the ssDNA on the surface and thus optimize the design for the DNA microarray. Such information is critical for the preparation of DNA microarrays with optimal packing density. On the other hand, with nanotechnology and biomedical nanotechnology closely related to the interaction among different surfaces and biomolecules at interfaces, the results from this investigation may also help scientists to better understand the observed phenomena.
